Natural rubber (NR) products are being applied in many protective tools for life-line applications, including insulating boots, blankets, sleeves, insulating gloves, or flexible coverings. Due to the inherent risk of such works it is imperative ensuring the quality of the safety products involved. The dielectric properties of NR-based products rely heavily on the compounding formulation and manufacturing processes involved. Considerable efforts are being applied to improve the dielectric performance of NR formulations to ensure that maintenance personnel work in the safer and most comfortable conditions. This work studies the addition of different weight fractions of surface-modified BaTiO 3 -OH nanoparticles to NR formulations to enhance dielectric properties such as breakdown strength and leakage current. The results presented in this work show that the addition of a low weight fraction of surface-modified BaTiO 3 -OH nanofillers (≤ 1 wt.%) enhances the surface and volume resistivity, crystallinity, breakdown strength under ac conditions and lowers the leakage current under dc stress.
INTRODUCTION
HIGH voltage applications require insulating materials exhibiting improved dielectric properties [1] , such as enhanced breakdown voltage, low leakage current and high reliability. Lifeline maintenance works are conducted in live conditions, that is, in energized power systems, so safety issues are a top priority for personnel involved. Live-line maintenance is essential to minimize outage occurrence in critical points of the power system and ensure power system reliability and availability. Live-line maintenance must ensure workers' safety, thus eliminating the possibility of being energized [2] . This objective is achieved by applying specific safety techniques and using appropriate rubber barriers that prevent workers' exposure against current paths. Such protective tools include insulating boots, blankets, sleeves, insulating gloves, or flexible coverings, among others, which often are made of highly insulating natural rubber (NR) compounds [3] . The amount of leakage current flowing through the insulation greatly determines the level of safety [4] .
When properly compounded and cured, NR is an effective thermostable insulating material with appealing mechanical features such as high elasticity and flexibility, mechanical fatigue and tearing resistance and good hydrophobicity. However, the final dielectric properties of NR depend strongly on the processes involved in NR technology and the compounding formulation, which includes a rather large number of inorganic and organic materials such as fillers, anti Riba. degradants, plasticizers, vulcanizing agents or accelerators among others. It is well-known that the insulation effectiveness offered by most insulating products increases with their thickness. Considerable efforts are being done to increase the dielectric performance of NR formulations while minimizing the thickness of the resulting protective tools such as insulating gloves and sleeves. By this way the comfort, effort and touch can be greatly improved during object manipulation by wearers [5] . Recently, we have reported that by using specific nanofillers in the NR recipe, the dielectric properties of the final products can be strongly improved [6] .
Nanocomposites exhibit improved mechanical, thermal, and electrical insulating properties than conventionally filled polymers. These appealing features allow designing more reliable and compact insulating tools, with a significant cost reduction. Therefore, to obtain improved dielectric materials based on polymer nanocomposites, nanoparticles technology must maturate to obtain improved dielectric features [7] . The electric field strength at breakdown in nonpolar polymeric materials such as NR composites depends upon field-dependent charge carrier density and mobility, as well as to the trapping probability. The dielectric breakdown is also influenced by thermal and electromechanical conditions which can induce dielectric breakdown at lower electric field strength [8] . Ferroelectric ceramics such as BaTiO 3 exhibit reduced dielectric loss [9] than other materials and higher permittivity due to dipolar effects. These effects confer extra polarization to the ferroelectric ceramics under the application of an electric field, although at values beyond the coercive field a significant permittivity reduction is observed due to material saturation [8] . According to the mixtures law the increase of the effective permittivity of the composite is small at low BaTiO 3 volume fractions. However, higher volume fractions tend to reduce both the mechanical properties and the breakdown electric field strength [9] . The dielectric properties of the composite material are related to the shape and size of the fillers, their volume fractions or the processing methods among others [10] . Polymer composites with substantial structural inhomogeneity tend to exhibit reduced dielectric performance [11] . The distortion of the local electric field due to the presence of particles within the polymeric matrix is greatly influenced by the size of such particles. The smaller the particles are, the poorer the electric field enhancement, assuming the same filler volume fraction. Therefore, the addition of nanoparticles results in better dielectric performance than the addition of microparticles [12] . The improvement of the dielectric behavior is in part owing to the greater nanofiller surface area, and in part because of the slower dynamics of the polymer chains surrounding the minuscule aggregates [13] .
The agglomeration of fillers agglomeration tends to form conductive pathways which in turn increase the dielectric loss and the leakage current [14] . Therefore, in order to boost the dielectric properties it is vital to obtain a homogeneous microstructure [15] , avoiding agglomerates that could increase the material porosity, thus boosting electron conduction and dielectric loss [11] . In [1] it is reported that nanofiller agglomerates tend to enhance the electrical conductivity and polarization current of the material due to the increase of the concentration of the moving charges. Valera-Zaragoza et al [16] reported that to obtain good interaction between TiO 2 particles and the NR matrix, the particles must have nanometric size even though the interfacial adhesion they experiment tend to generate large agglomerates that reduce the dielectric performance of such composites [17] . The dielectric properties are improved when nanofillers are added to the NR formulation compared to pure NR [7] . However, when dealing gradually incrementing the nanofiller content, at a certain threshold limit there is a sudden increment of the electrical conductivity and dielectric loss [18] , known as the percolation threshold. This phenomenon is attributed to the development of conductive pathways through the aggregated nanofillers within the insulating polymeric matrix when the filler content exceeds the percolation threshold. It is also known that beyond the percolation threshold, the leakage current within the nanocomposites raises [19] and the dielectric breakdown strength lowers [17] . In this limit situation, the fillers tend to contact with each other, thus forming a continuous cluster that extends throughout the polymeric matrix. It can result in important changes of the physical properties which no longer follow the linear law of mixtures [20] .
Although several works report on the use of barium titanate (BaTiO 3 ) nanoparticles as filler in insulating polymeric materials such as silicone rubber [21] , very few works report on the application of such nanosize fillers in NR products. Surface functionalization of the nanoparticles is a convenient approach to improve dispersion of the nanoparticles within the nanocomposite structure since it allows reinforcing the interfacial interaction between the polymeric matrix and the nanoparticles [17] . Surface modification of the nanoparticle fillers produces a surface coating layer that increases the electric field strength at breakdown and lowers the dielectric loss [22] . Yu et al [23] reported that the addition of surface modified BaTiO 3 particles in poly(vinylidene fluoride) enhances the dielectric properties and reduces dielectric loss, even at high filler loading. Choudhury [11] stated that the addition of active hydroxyl -OH groups on the surface of the BaTiO 3 particles produces a more uniform dispersion of the nanoparticles in a polyetherimide matrix, thus increasing the low-frequency dielectric permittivity and decreasing dielectric loss. The addition of BaTiO 3 -OH nanofillers can also significantly reduce the leakage current density through the poly(vinylidenefluoride trifluoroethylene) composite while enhancing the dielectric breakdown strength and the effective permittivity [17] .
There are few works studying the use of low concentration of BaTiO 3 surface-functionalized nanoparticles in NR to be used to manufacture safety tools for live-line maintenance applications. This work aims at analyzing the dielectric properties of the NR formulations when adding different weight fractions of hydroxylated BaTiO 3 nanoparticles under both ac and dc stress conditions.
MATERIALS
High purity BaTiO 3 nanopowder (purity  99%) with an average size less than 100 nm and hydrogen peroxide solution (30% w/w) were acquired from Sigma Aldrich Chemicals (Spain), whereas NR resins were purchased from several suppliers and used as received. Other reagents and additives in the latex formulation were of commercial grade.
The surface hydroxylation of BaTiO 3 nanoparticles was performed by refluxing the nanoparticles in an aqueous solution of H 2 O 2 at 105 ºC (24h), following a procedure similar to that reported in [24] . Suitable conversion from the unmodified nanoparticle to the hydroxylated form of BaTiO 3 was followed by the appearance of the absorption bands at 3400 cm -1 and 1000-1100 cm -1 , which were assigned, respectively, to the -OH stretching and bending vibrations in the infrared spectra [25] (see Fig. 1 ). Therefore, the presence of O-H hydrogen bond absorption bands corroborates that nanoparticles surfaces were successfully functionalized. NR-based BaTiO 3 -OH nanocomposites were prepared according to the method described by Li et al [24] . A solution containing the latex emulsion was placed in a 250 mL threeneck flask and slightly stirred by means of a mechanical stirrer. The other additives (accelerators, vulcanizing agent, fillers and antioxidant) were dispersed in an aqueous solution prior to addition to the NR emulsion and afterwards were carefully sonicated. A quantitative amount of hydroxylfunctionalized BaTiO 3 was mixed with a dispersant agent (Cab-o-Sperse  solution) with vigorous stirring and further sonicated for 10 min to obtain a homogeneous and viscous solution. Finally, it was added to the latex emulsion and mixed with a mechanical stirrer. The test tubes used as mold were dipped in the latex suspension and then dried in an oven at 75 ºC for 3 h (prevulcanizing step). The complete curing was obtained after gradually washing the samples in a bath with distilled water from 25 to 70 ºC, and then baked for 24 h at 75ºC. Finally, the specimens were cooled to room temperature and peeled off from the glass tubes, thus obtaining the NR-functionalized BaTiO 3 solid nanocomposite films (0.95-1.05 mm of thickness). A set of NR/BaTiO 3 nanocomposite films with BaTiO 3 -OH contents of 0.25, 0.5, 1.0, 5.0 and 10 wt.%, respectively, were prepared by repeating the above explained procedure.
Fourier transform infrared spectra were recorded using a FTIR 4100 Jasco spectrophotometer in the absorbance mode within the spectral range of 600−4000 cm . The FTIR analysis was employed to characterize the nanoparticles.
To investigate the incorporation of functionalized BaTiO 3 in the NR matrix, X-ray diffraction (XRD) 2 scans were performed by means of a Bruker D8 Advance diffractometer, using CuK radiation ( = 0.15406 nm), equipped with onedimensional LynxEye detector.
The Autolab PGSTAT 302N apparatus was used to measure the dielectric response of the analyzed samples. It is an impedance analyzer specially designed to conduct EIS (Electrochemical Impedance Spectroscopy) measurements with 1 MHz bandwidth,  10 V voltage range,  2 A current range and current and voltage accuracies  0.2%. All experiments were carried at room temperature using a capacitor cell as in [26] and circular NR samples (1.5 cm of diameter, 700 µm of thickness).
The surface and volume resistivity of the NR samples were measured with an HP 4329A high-resistance meter coupled to an Agilent HP 16008A resistivity cell. A constant dc voltage of 500V for 1 min (followed by 5 min of discharge mode) or 5 min (followed by 30 min of discharge mode) was applied. Measurements were done at room temperature (20  1ºC) with a relativity humidity below 70%. Resistivity measurements were performed to NR disks of 12 cm of diameter and 1 cm of thickness.
A Phenix BK130/36 variable high-voltage transformer was used to carry out the ac dielectric tests. It allows selecting two output voltage ratings, that is, 0-36 kV and 0-130 kV. The Phenix BK130/36 includes precision voltage and current metering to fulfill the requirements of both the ASTM D120
[27] and IEC-60903 [28] standards. Two Phenix 4120-10 dc hipots incorporating voltage and current metering were used for the dc dielectric tests. They provide positive and negative variable voltage output respectively, within the range 0-120 kV.
An optical microscope Olympus BXS1 was used to check the failed zones of the composite specimens as well as to measure the average diameter of the perforations. The morphology of the NR samples with and without hydroxylated BaTiO 3 nanoparticles were investigated after dielectric experiments using a Focus Ion Beam Zeiss Neon 40 (Carl Zeiss) scanning electron microscope (SEM). Morphologies were visualized at an accelerating voltage of 5 kV, whereas energy-dispersive X-ray (EDX) analyses were performed at 3 kV.
RESULTS
This section describes the different tests carried out to characterize the NR specimens used as reference and the NR nanocomposite samples with 0.25, 0.50, 1.0, 5.0 and 10.0 % weight fractions of hydroxylated BaTiO 3 nanofillers.
X-RAY DIFFRACTION (XRD)
The crystalline structure of the samples analyzed can be characterized by means of X-ray diffraction (XRD) [9] . The degree of crystallinity in polymers characterizes the portion of ordered molecules inside the polymer matrix. It is known that the dielectric permittivity increases significantly with the proportion of free radicals into the polymeric matrix [29] and decreases when increasing the degree of crystallinity. Therefore nonpolar polymeric matrixes tend to exhibit lower dielectric constant and dielectric loss [30] . Fig. 3 shows the results attained with the XRD technique. Since NR is a nonpolar polymer, only a broad peak is expected in the XRD analysis, corresponding to the amorphous phase from polymer chains (2 = 10°-30°). The intense peaks in the BaTiO 3 -OH diffraction pattern shown in Fig. 3 are indicative of the highly ordered crystalline structure of such material, homogenously distributed within the vulcanized NR films. 
SURFACE AND VOLUME RESISTIVITY
Direct current volume and surface resistivity of the samples analyzed were characterized according to the ASTM D257 standard [31] . Results presented in Tables 1 and 2 show that both surface and volume resistivity of the NR formulations increase when increasing the content of BaTiO 3 -OH nanofillers up to 0.5 wt.%, but beyond this threshold value the electrical properties tend to decrease. 
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)
To conduct EIS experiments, the samples were immersed in a distilled water solution with NaCl 3.5 wt.% at 20  1 ºC for 24 hours. The water excess was removed by using a special tissue before introducing the samples in the measuring cell [26] . The complex permittivity of the analyzed samples soaked with the NaCl solution was then calculated, whose real and imaginary parts are shown in Figures 4 and 5 , respectively. Figure 6 shows the loss tangent of the analyzed samples. Results presented in Fig. 4 show that the addition of low volume fractions of surface modified BaTiO3 nanofillers lowers the dielectric constant in the low frequency interval. Results presented in Fig. 5 suggest that all studied BaTiO 3 surface-functionalized nanocomposite formulations, and especially those with lower filler concentration, have smaller imaginary part of the permittivity in the low frequency interval and hence they should exhibit lower dielectric loss and leakage current than the reference NR samples [32] . Fig. 6 proves that the samples incorporating a low volume fraction of BaTiO 3 -OH nanofillers exhibit lower tan. Figure 7 shows the experimental setup used to perform the dielectric tests. The voltage was raised continuously from 0 V up to breakdown conditions, and both the applied voltage and leakage current were measured in several points to obtain the graphs shown in Figures 8, 9 and 10. To deal with the inherent variability among samples, three samples of each formulation with an approximate thickness of 1 mm were tested. To account for small thickness deviations, both the leakage current and voltage were normalized to 1 mm thickness. It is known that under ac stress, insulating materials such as NR often present two differentiated conduction mechanisms [33] . When applying a low electric field, the charge carriers can be either electrons or ions and the ohmic conduction mechanism prevails. Under these conditions the insulating material follows the Ohm's law and there is a linear relationship between the applied electric field and the current density. However, under intense electric field conditions, that is, when its strength is sufficient to overcome the potential barriers between the contacts and the polymer there is a nonlinear relationship between the electric field in the sample and the current density [33] . The relationship between the current density and the electric field strength is often written as a twoterm equation, the first term owing to the low-field ohmic conduction mechanism and the second one due to the highfield non-linear SCLC (space charge limited current) conduction term [33] ,
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E being the electric field strength upon the insulating sample,  the electric conductivity of such material and A a parameter derived from the Mott-Gumey law for planar solid dielectrics that defines the single carrier SCLC [33] - [35] ,
 being the mobility of the charge carriers,   and  r the permittivity of free space and the relative dielectric permittivity of the polymer, respectively, and d the thickness of the polymeric sample.
The dielectric breakdown of the NR material used in safety tools for live-line maintenance occurs due to the SCLC development. Therefore, by using appropriate NR formulations the mobility of the charge carriers can be reduced and thus the breakdown electric field strength can be increased [33] . Results from Figure 8 and Table 3 clearly show that although the slope of the J-E curves is quite similar for all analyzed samples, which provides useful information about the electrical conductivity of the material, the breakdown electric field strength is dramatically raised for all NR-based composites with different volume fractions of BaTiO 3 -OH nanofillers. The breakdown electric field strength is an important property in insulating materials intended for highvoltage systems. As explained, the addition of inorganic fillers can substantially change its magnitude, depending on filler type, concentration, size and dispersion, surface modification or dielectric characteristics of such fillers. Therefore the filler fraction in nanodielectric composites needs to be controlled to increase the dielectric strength [36] . The results presented here suggest that the addition of low weight fractions of about 0.5 wt.% of surface modified BaTiO 3 -OH nanofillers is beneficial since it allows reducing the SCLC mechanisms occurring under high electric fields, which eventually leads to dielectric breakdown of the material.
Analogously to ac dielectric withstand tests, direct current (dc) tests of both polarities were carried out by means of two Phenix 4120-10 dc hipots, one with positive output and the other with negative output. It is known that charge injection at the electrodes and electroluminescence phenomena generate charge carriers which tend to accumulate within the polymeric material, forming a space charge [37] . Space charge in dielectrics is mostly generated under dc stress [38] , although its effects cannot be totally ignored under ac conditions. Space charge generates dissipative loss, reduces the withstand voltage, intensifies the local electric field and can produce insulation failure [37] . The addition of small volume fractions of nanofillers can reduce the space charge extent [8] , [39] , [40] this effect being especially notorious at low filler concentration [41] , thus enhancing the volume resistivity. The tendency to suppress charge injection is believed to be due to deep trap mechanisms [42] that capture the charge injected by the electrodes, thus, reducing the electrical conduction [43] by inhibiting charge injection and avoiding space charge buildup. Deep traps are formed because of the interfacial interactions between the organic polymeric matrix and the inorganic nanoparticles, which at the nanoscale range are very strong since nanoparticles exhibit a very high surface area to volume ratio. Therefore, the atoms placed on the surface of the material tend to be more reactive than the atoms placed in the bulk. In conclusion, the interface plays a fundamental role to determine the electrical behavior of nanodielectrics [41] . When the energy of the captured charges is not enough to flee from the deep traps, the leakage current is lowered.
Results attained in the dc dielectric tests are summarized in Figures 9 and 10 , for positive and negative polarity, respectively. Results presented in Figures 9 and 10 clearly show a great reduction of the leakage current of the BaTiO 3 surface-functionalized nanocomposite samples when compared to the reference NR samples. This could be due to the effect of the deep traps introduced by the modified BaTiO 3 -OH nanofillers, which also lead to a reduction of the imaginary part of the permittivity (dielectric loss), as shown in Figure 5 . Polymers with high dielectric loss also have high leakage current since they convert electrical into thermal energy [44] . However, the electric field at breakdown is not improved or even slightly decreased due to the addition of nanofillers with different dielectric constant than that of the polymer matrix [8, 44, 45] . Figures 9 and 10 show a slightly different behavior of the analyzed samples under positive and negative dc polarity tests. This difference can be due to the inherent polarization and surface polarization mechanisms, the mobility and recombination mechanisms of electronic and ionic charge carriers or the effect of impurities and structural defects [46] . The results presented in Figs. 9 and 10 are in close agreement with those reported in [47] - [49] . Figures 11 and 12 show, respectively, optical and SEM micrographs of different perforations formed as a consequence of the breakdown tests. These images clearly prove that the perforations are produced in areas with an anomalous concentration of agglomerates. Figures 11 and 12 corroborate that the dispersion of the compounding elements is of paramount importance to obtain high-quality products, especially at high filler loading. By comparing Figure 12a (reference NR sample with microfillers) with Figure 12b (sample with BaTiO 3 nanoparticles) it is deduced that a better dispersion of the particles produces perforations with smoother and more uniform edges. Then, the presence of nanoparticles also 
